The geographical patterns of the genetic structure of Hipposideros armiger in China were assessed by analyzing sequence variation in the mitochondrial DNA control region. Analysis of molecular variance revealed a very strong genetic structure among 5 regions in H. armiger. A neighbor-joining tree, haplotype network construction by TCS and multidimensional scaling plots all showed significant geographic differentiation among 5 regions. The high genetic structure detected in H. armiger could be a consequence of poor dispersal ability, local adaptation, or marked female philopatry. The lack of genetic structure among 3 regions separated by the Gaoligong Range and the Qiongzhou Strait could be due to incomplete lineage sorting. Our estimated times of divergence for H. armiger populations suggested a relatively recent split. The S Yunnan population with the highest genetic diversity and the Hainan population with the lowest genetic diversity should be equally given priority for conservation. Although H. armiger has been shown to carry viruses implicated in human disease, we find little evidence for population mixing. We thus suggest minimizing disturbance to bats' roosting caves for minimizing the potential risk of virus transmission.
Studies on population genetic structure and molecular phylogeography have increased rapidly during the last decade (Beheregaray 2008) . These studies provide valuable sequencing data, undetectable through traditional biogeography and demography, which are essential for examining population dynamics and understanding evolutionary processes (Avise 1994) . Further analysis of these elements could provide the foundation for formulating and implementing conservation and management plans (Echenique-Díaz et al. 2009 ). In particular, these studies provide information about a species' demographic history, reveal colonization events, and past or present barriers to gene flow (Emerson et al. 2001 ). Furthermore, a better understanding of population structure and gene flow in disease vectors is important for understanding virus dynamics and disease prevention (Monteiro et al. 2004) .
Bats as carriers of disease are unlike many arthropod vectors (e.g., assassin bugs, Monteiro et al. 2004; mosquitoes, Hemmerter et al. 2007) in that bats do not infect their hosts under natural conditions (Bengis et al. 2004) . Disease transmission to nonbat hosts appears to arise mainly through human activity, including roost disturbance, the introduction of livestock to areas with bat roosts, and the collection and trading of wild animals and their products (Li et al. 2005; Fèvre et al. 2006) . Nonetheless, several bat species have been identified as natural reservoirs for a number of emerging zoonotic viruses, including henipaviruses and variants of rabies viruses (Wang, Shi et al. 2006 ). The present study focuses on Hipposideros armiger (Hipposideridae, Chiroptera), the great leaf-nosed bat, because of recent evidence showing detection of astroviruses (Zhu et al. 2009 ) and lyssaviruses (Lumlertdacha et al. 2005) in this species. Understanding gene flow in H. armiger is thus a public health concern for its use in understanding the dynamics of possible virus outbreaks.
Hipposideros armiger is the focus of this study for the additional reason of conserving its recently declining population. Found to roost in caves and feed in open spaces in woodlands, gardens, and around trees (Bates and Harrison 1997) , populations of H. armiger have been threatened mainly by habitat alteration and destruction caused by increased human activities. For instance, many original forests were cut massively or separated by humanactive regions and bare mountain slopes (Liu et al. 2007 ). Most of the gullies and valleys were reclaimed to plant rubber trees or other crops and so on (Zhang and Wang 2003) . Conservation measures should be taken into consideration right away, but efforts to do so will benefit from the first known analysis of population genetic structure and phylogeography in H. armiger.
Genetic structure in H. armiger is affected by extrinsic and intrinsic factors related to its geographical barriers and morphological attributes, respectively. It inhabits a wide area in central and southeastern China, south of the Yangtze River, and Indo-Malayan realm (Smith and Xie 2008) . Based on paleozoology as well as natural and geographic conditions, the zoological regions of China are partitioned into 19 regions (Zhang et al. 1997) . Among them, 7 of these regions comprise the primary range of H. armiger in China. Within 5 regions (southwest, east, west, S Yunnan, and Hainan) involved in this study, there are 2 major geographic barriers, the Gaoligong Range and the Qiongzhou Strait (Figure 1) . The Gaoligong Range, with an average elevation of 4000 m, lies within the westernmost area of Yunnan Province, China (Wang, Wan et al. 2006) . These mountains may pose a natural barrier to gene flow between its east and west sides. Hainan Island is geographically separated from the mainland by the Qiongzhou Strait with a minimum gap of 19 km of open sea. Its current isolation dates from the Middle Holocene, about 10 000 years ago (Zhao et al. 2007) .
Wing morphology of bats has evolved so that their intrinsic flight performance is matched to their ecological roles, with implications for gene flow. Hipposideros armiger has a low aspect ratio, low wing loading, and very short, rounded wingtips. This is in contrast to the relatively high aspect ratio, high average wing loading, and typically pointed wingtips of long-distance migrants (Norberg and Rayner 1987) . Such ecomorphological differences are thought to impose energetic costs for longer migratory movements, and, therefore, gene flow is expected to be limited between medium to large spatial scales.
In this study, we assessed broad geographical patterns of genetic structure of H. armiger across China by examining the variations of the highly variable portion of the mitochondrial DNA (mtDNA) control region (D-loop). Our main goals are 1) to test whether H. armiger typically exhibits limited gene flow on a regional scale, as predicted from its assumed poor dispersal ability; 2) to ascertain whether the Gaoligong Mountains and the Qiongzhou Strait impede gene flow between populations; 3) to assess relative importance of intrinsic dispersal capability versus extrinsic barriers to gene flow for H. armiger; 4) to clarify the population history of H. armiger in China; and (5) to identify management units for conservation and to investigate disease management implication of this species.
Materials and Methods

Sampling
In 5 consecutive years (2004) (2005) (2006) (2007) (2008) , a total of 115 adults (53 females, 62 males) were captured from 14 roosts of Table 1 . Different colors indicate different zoological regions according to Zhang et al. (1997) . The abbreviations of locations are listed in Table 1. 5 different geographical regions across southern and southeastern China (Table 1, Figure 1) . A 3-mm wing membrane biopsy punch was taken and placed in ethanol from each bat for DNA analysis (Worthington Wilmer and Barratt 1996) . All bats were released immediately to their habitats after sampling.
DNA Extraction and Sequencing
Genomic DNA was isolated using a UNIQ-10 column animal genomic DNA isolation kit (SK1205) (Sangon). The mitochondrial D-loop was amplified with primers Pro19 (5#-CCCACTATCAACACCCAA-3') and Phe54 (5#-GTACCCATCCAGGCATTT-3'), which were designed based on the known tRNA Pro and tRNA Phe sequences of H. armiger. Polymerase chain reactions (PCRs) were carried out in a final volume of 50 ll, containing approximately 50 ng of genomic DNA, 10 mM Tris-HCl, 50 mM KCl, 1.5 mM MgCl 2 , 200 lM of each dNTP, 0.4 lM of each primer, and 2.5 units of TaKaRa Taq DNA polymerase (TaKaRa). Cycling parameters were as follows: 94°C for 5 min; 95°C for 60 s, 55°C for 60 s, and 72°C for 2 min, for 35 cycles; and 72°C for 10 min. The PCR products were purified on an EZ-10 spin column DNA gel extraction kit (BBI) and sequenced using an ABI PRISM 3730 sequencer (Applied Biosystems). All sequences were aligned using the default settings in CLUSTAL_X. The alignment was then edited visually and cropped to a common length of 615 bp.
Population Genetic Analysis
Genetic diversity was measured for all the samples of each colony and for each geographic region based on haplotype diversity (h) and nucleotide diversity (p). Values for the numbers of polymorphic sites and the mean numbers of pairwise differences among sequences were also estimated. These diversity indices were computed with the software DnaSP, version 4.0 (Rozas et al. 2003) .
Genetic distances between populations were estimated using U statistics (U ST ), and their significance was tested by 10 000 permutations, using Arlequin ver3.1 (Excoffier et al. 2005) . A multidimensional scaling (MDS) analysis was carried out with the program SPSS 14.0 using the matrix of U ST as an input to graphically represent the patterns of genetic differentiation.
We also conducted a Mantel test to look for a correlation between the standardized genetic distance [U ST /(1 -U ST )] and the geographical distance (Rousset 1997) . If U ST was 1, we calculated the correlation between pairwise genetic differentiation index U ST and geographical distance. Statistical significance was assessed by a Mantel test with 10 000 permutations. The geographical distance between each pair of sampling localities was calculated by GIS software Arcinfo 9.0 (ESRI Inc.).
The geographical pattern of genetic differentiation was evaluated by analysis of molecular variance (AMOVA). We assessed the extent to which genetic variation was attributable to 3 hierarchical levels of subdivision. AMOVAs were undertaken among several possible population groupings of H. armiger. For the purpose of evaluating the effect of the Gaoligong Range and the Qiongzhou Strait on genetic structure, we also used AMOVA to test significant genetic differentiation among 3 regions segregated by the 2 putative barriers (i.e., Hainan as 1 region and the other 2 regions to the east and west sides of the Gaoligong Mountains, Altitude, sample size (n), number of haplotypes observed, number of polymorphic sites, mean number of pairwise differences among sequences, haplotype diversity (h), and nucleotide diversity (p) are shown.
respectively). We tested whether the derived indices were significantly different from zero using a nonparametric permutation method (10 000 permutations), as implemented in Arlequin.
Phylogeographic Analysis
A neighbor-joining (NJ) tree was constructed to examine the relationship between all identified haplotypes in PAUP* 4.0b10 (Swofford 2002) . The tree was rooted with H. larvatus (GQ368249) and H. pratti (EU053164). Statistical support for branching patterns was estimated by 1000 bootstrap replications. The best-fit model of nucleotide substitution for the D-loop sequences of H. armiger was the TrN þ I þ C model (Tamura and Nei 1993) using the Akaike information criteria as implemented in MODELTEST version 3.8 (Posada and Crandall 1998) .
A nested clade analysis (NCA) was performed to examine the population structure and population history. We first used the program TCS 1.21 (Clement et al. 2000) to construct haplotype networks using mtDNA D-loop sequence data with a confidence level above 95%. Indels were treated as a fifth state. The program GeoDis 2.6 was used to test significant associations between haplotypes and geography using a nested permutational contingency analysis and a nested geographical distance analysis. For clades with statistical significance, evolutionary processes were inferred using the inference key presented by Templeton (2004) and upgraded in December 2008 (available online from http://darwin.uvigo.es/software/geodis.html).
Demographic Analysis
We performed mismatch distribution analyses for each colony and for each geographic region. We used Arlequin to test the goodness-of-fit of distributions with that expected under a model of population expansion by calculating the sum of squared deviations (SSD) and assessed significance by parametric bootstrapping (10 000 replicates). Where evidence of population expansion was found, the timing of expansion in generations (t) was estimated from s 5 2ut where s is a parameter of the time to expansion in units of mutations and u is the mutation rate per generation. We used a mutation rate of 20% per million years (My), which was previously applied to bats of the genus Nyctalus (Petit et al. 1999 ) and the genus Rhinolophus (Chen et al. 2006 ). The generation time was estimated to be 2 years.
We used DnaSP to calculate all neutrality test values (F S of Fu 1997, F* and D* of Fu and Li 1993) for each colony and for the 5 major geographic regions, using 1000 coalescent simulations to assess the significance of these values.
MDIV (Nielsen and Wakeley 2001) implements likelihood and Bayesian methods using Markov chain Monte Carlo coalescent simulations to estimate the population mean mutation rate (h), divergence time (T), migration rate (M), and time since the most recent common ancestor (T MRCA ) between 2 subdivided populations. The program was run multiple times with different random seeds in order to obtain consistent distributions of results using the following setting: HKY model with the transition/transversion ratio estimated directly from the data; Markov chain simulation for 2 000 000 steps, of which the first 500 000 were discarded as burn-in; and prior distributions from 0 to 10 for M and from 0 to 10 for T. Once h and T were estimated, we calculated divergence times (t, in generations) by using t 5 Th/2lk. If migration rates estimated using MDIV were significantly different than 0, the Isolation with Migration (IM) program was used to estimate whether migration rates were symmetrical (equal in both directions) or asymmetrical between populations (Malvárez et al. 2007 ).
Results
Sequence Characteristics and Genetic Diversity
We identified 36 different haplotypes from a total of 115 H. armiger individuals, based on 615 base pairs of the mitochondrial D-loop (GenBank Accession nos FJ355974-FJ356009). Fifty-three polymorphic sites were recorded, and 3 indels were observed.
Nucleotide (p) and haplotype (h) diversities were calculated for each population of H. armiger (Table 1) . No haplotype was shared among 5 geographic regions (southwest, east, west, S Yunnan, and Hainan). Of the 36 different haplotypes, 91.7% haplotypes from 14 colonies were not shared, and only 3 exceptions (8.3%) were shared among multiple populations. Whereas the Hap15 was shared among 3 neighboring colonies KX, XS, and AL from the west region, the Hap19 was shared between KX and XS from west, and the Hap27 was found in SG, JGS, and SX from east (Supplementary Figure S1 ).
Phylogeographic Analysis
There was a high level of congruence between the topologies of the NJ tree ( Figure 2 ) and the network obtained after TCS analysis (Supplementary Figure S1) , and phylogenetic relationships among 5 regions of H. armiger indicated significant geographic differentiation. For the NJ tree, all H. armiger populations were grouped in a single monophyletic clade with strong bootstrap support (96%), which was further subdivided into 3 major clades (clade A, B, and C) (Figure 2 ). The majority of the tree branches showed low bootstrap support, indicating that the tree was poorly resolved.
Haplotype network construction by TCS analysis yielded 3 disconnected haplotype subnetworks (clade A, B, and C) (Supplementary Figure S1 ), which were concordant with the topology described in the NJ tree. Haplotypes from different locations within the same geographical region linked to each other with the exception of the Mengla (ML) population. Unexpectedly, haplotypes from the ML population in S Yunnan region were connected with those from east rather than other populations of S Yunnan, whereas other haplotypes from S Yunnan formed an isolated clade. Some phylogeographical structure was detected within clades. The results of the NCA revealed allopatric fragmentation for the overall cladogram. Allopatric fragmentation was also inferred in clade 1-34 and clade 3-4. These 2 clades corresponded to the west region. However, 1) long distance colonization, past larger range coupled with subsequent extinction in some intermediate geographical areas, or past range expansion, all of which can possibly be coupled with subsequent fragmentation or 2) past fragmentation followed by range expansion was found for clade 2-11, which was located in the southwest region. A contiguous range expansion was found for clade 4-2, Figure 2 . NJ tree of the observed haplotypes for Hipposideros armiger in this study. Numbers on branches indicate the percentage bootstrap support. Hipposideros larvatus and Hipposideros pratti were used as the out-groups. Symbols represent geographical regions (square 5 west region; pentagon 5 Hainan region; circle 5 east region; right triangle 5 S Yunnan region; inverse triangle 5 southwest region).
including haplotypes from the ML population and some populations of the east region. The NCA analysis inferred a restricted gene flow with isolation by distance from clade 4-3, which was composed of all haplotypes from the west region and 2 haplotypes from the SX population.
Population Structure Analysis
U ST values between most pairs of colonies were very high, with average U ST value 0.782, suggesting the existence of significant population differentiation in H. armiger. However, the pairwise U ST values were not significantly greater than zero from 3 pairs of colonies: KX and XS in west (U ST 5 0.011, P 5 0.286); SG and JGS in east (U ST 5 0.071, P 5 0.166); and SX and JGS in east (U ST 5 0.234, P 5 0.071). In contrast, strong significant population differences were detected among other pairs of populations analyzed, and U ST values ranged from 0.184 to 1 (P , 0.05). At a broader geographical scale, all pairwise comparisons suggested a highly significant structure among 5 regions (U ST 5 0.415-0.899, P , 0.01) and thus very restricted inter-region gene flow.
An MDS plot based on U ST distances revealed strong evidence for structuring among these populations with a stress value of 0.184 (Figure 3 ). The 14 populations in our study were clustered according to geographic regions excluding the ML population. The ML population in the S Yunnan region was clustered together with all populations from the east and Hainan regions. Each of the rest regions was clustered separately. Although the TC and SM populations in S Yunnan were separated by the Gaoligong Mountains, the 2 populations were still clustered together. The differentiation level between the 2 populations was similar to that between the YJ and JN populations not separated by the barrier (Figure 3) .
The correlation between genetic distance [U ST /(1 -U ST )] and geographical distance cannot be calculated using the Mantel test because the [U ST /(1 -U ST )] did not form the requisite square matrix with U ST 5 1 between the GL (west) and FC (east) colonies. Therefore, the correlation between genetic differentiation index U ST and geographical distance was estimated by a Mantel test, and no significant correlation was detected between the populations across the entire country (r 2 5 0.042, P 5 0.057), within the west region (r 2 5 0.206, P 5 0.100) or within the S Yunnan region (r 2 5 0.127, P 5 0.514). However, a significant correlation between mtDNA haplotype differentiation (U ST ) and geographic distance was found between populations within the east region (r 2 5 0.915, P 5 0.044). An AMOVA revealed that significant genetic variance was attributable to all 3 hierarchical levels examined (among regions, among populations within regions, and within populations). [east]'' should be the most parsimonious geographical subdivision, which was consistent with the zoological regions of China (Figure 1 ). The results of other possible population groupings were not shown in Table 2 . To assess whether the Gaoligong Range and the Qiongzhou Strait impede gene flow, we segregated all populations into 3 regions to analyze genetic structure by AMOVA. Results showed that no significant genetic structure was detected among 3 regions (11.43% genetic variation, U CT 5 0.114, P 5 0.315), and most genetic variation (73.04%) was explained by differences among populations within regions (Table 2) .
Demographic Analysis
With a mutation rate of 20% per My and a generation time of 2 years, the time of the most recent common ancestor (t mrca ) for H. armiger was estimated to be 84 700-91 600 years ago (Table 4 ). The divergence time between clade A and clade B was 69 100 years ago (95% confidence interval [CI]: 3500-undefined [udf] ). Clade B separated from clade C at 67 700 years ago (95% CI: 12 800-udf). And the divergence times between west and Hainan, east and Hainan, and west and east were 27 900 (95% CI: 3800-84 400), 30 500 (95% CI: 6100-78 400), and 36 000 (95% CI: 10 500-107 300) years ago, respectively. Restricted gene flow was found between all geographical region pairs. In all cases, migration rate (M) is extremely low, less than 0.50 (Table 4) . Because the populations are strongly subdivided with no significant migration between them, we did not need to estimate asymmetrical population migration rates using IM. The level of gene flow between populations within the east region was estimated to be higher than that of other regions (excluding Hainan with only one population). The migration rate between each pair of populations (excluding a pair of SG and FC) within east ranged from 0.20 to 0.50, and the divergence times ranged from 7700 (95% CI: 1800-21 900) to 24 200 (95% CI: 2300-25 800) years ago. An examination of mismatch distributions generated for separate colonies revealed marked differences among their demographic histories. Using goodness-of-fit tests based on the SSD, we were unable to reject a model of population expansion for southwest, west, and Hainan (P SSD . 0.05) ( Table 3 ). The distributions obtained from these 3 regions showed bimodal mismatch graphs, in which the h 0 (50, 0, 0.004, respectively) and h 1 (54.844, 3.838, 4.573, respectively) values were similar to each other. The bimodal distribution patterns were suggestive of 2 expansions at different times. The dominant right-hand wave crest translated to estimated expansion time of approximately 10 700 years ago (95% CI: 0-31 000) for southwest, approximately 34 200 years ago (95% CI: 0-396 100) for west, and approximately 15 500 years ago (95% CI: 0-377 300) for Hainan. In contrast, the overall samples, east and S Yunnan, showed multimodal mismatch graphs, as expected under a model of relative constant population size (P SSD , 0.05). The results for the various neutrality tests were summarized in Table 3 . None of the neutrality tests were significant for each region and each population excluding the SM population. F S of Fu was insignificant, but F* and D* of Fu and Li were significant for the SM population (Table 3) .
Discussion
Factors Influencing Population Genetic Structure
Population genetic studies of bats have shown mixed population structure, some characterized by poor population structure (Wilkinson and Fleming 1996) and others by strong population structure (Worthington Wilmer et al. 1999; Miller-Butterworth et al. 2003) . We reported a pattern of strong population structuring in H. armiger populations. Although probably an overestimation, the genetic differentiation in H. armiger was relatively high (U ST 5 0.782) and comparable to mtDNA-based estimates reported in other bat species with female philopatry or closed social systems, including Miniopterus schreibersii natalensis (U ST 5 0.620, Miller-Butterworth et al. 2003) and Macroderma gigas (U ST 5 0.80, Worthington Wilmer et al. 1999 ). The effects of 2 factors (extrinsic barriers and intrinsic dispersal capability) potentially influencing population genetic structure were evaluated in the present study. We adopted several methods to assess whether the 2 putative barriers impede gene flow between H. armiger populations. An AMOVA analysis revealed that no significant genetic structure was detected among 3 major regions segregated by the 2 putative barriers (Table 2 ). This was supported by the MDS plot, which indicated that populations separated by 2 putative barriers were not more differentiated than those without separation (Figure 3) . Finally, the population divergences on either side of the supposed barriers did not occur earlier than those among populations not divided by geographic formations (Table 4) . Whereas strong population structure at mtDNA could be interpreted as evidence of a lack of gene flow, the converse is not necessarily evidence of current mixing. Therefore, the 2 obstacles were not associated with significant structure, and the lack of genetic structure among the 3 separated regions could be due to either gene flow or incomplete lineage sorting. However, the MDIV analysis for mtDNA D-loop indicated that restricted gene flow was found between all geographical region pairs (Table 4) . Thus, the lack of structure could be due to past mixing, such as that which occurred around the time of the last land bridge of the Qiongzhou Strait around 10 000 years ago, almost certainly not long enough to have allowed lineage sorting.
The results examined in this study support our original hypothesis of poor dispersal ability assumed by the ecomorphological traits in H. armiger. The estimates of the gene flow parameter Nm for H. armiger populations between regions meet the condition Nm , 1 for differentiation under genetic drift alone (Slatkin 1985 ). Thus, mixing among H. armiger populations appears to be sufficiently low to allow differentiation via either genetic drift or natural selection (Peterson and Heaney 1993) . Furthermore, no shared haplotype was found between regions. This strong differentiation indicates that new, local mutations have accumulated in each region with no subsequent gene exchange. A few haplotypes (Hap15 and Hap19) were shared among the XS, KX, and AL populations within west, which was probably the result of their recent common historical ancestry (shared ancestral polymorphism) or convergent mutation, rather than current gene flow. This was also supported by the inference of allopatric fragmentation in west (clade 3-4). However, the haplotype Hap27 was shared among the SG, SX, and JGS populations in east and low levels of pairwise genetic differentiation were detected between SG and JGS, as well as between SX and JGS, suggesting that bats-at least females-occasionally migrated to neighboring populations. This interpretation of (Lloyd 2003) and the Mexican free-tailed bat (Tadarida brasiliensis mexicana) (Russell et al. 2005) showed higher mean nucleotide diversity (p 5 0.0360 and 0.0450, respectively), whereas other species were mostly lower than H. armiger (Wilkinson and Fleming 1996; Worthington Wilmer et al. 1999; Chen et al. 2006; Ruedi et al. 2008) . Compared with other kinds of bats, the high diversity detected could reflect either a long evolutionary history of a large and stable population or mixing of differentiated lineages (Avise 2000) . At a regional scale, the genetic diversity in the S Yunnan region was the highest among all 5 regions, indicating that this region might represent the center of the current species distribution. In contrast, the genetic diversities in the southwest, west, and Hainan regions were extremely low, but haplotype diversities in the 3 regions were relatively high, which indicated that the 3 regions have undergone population expansion after a period of low historical effective population size as pointed out by Grant and Bowen (1998) . Additional information concerning the demographic histories of each colony, these 5 regions and overall samples come from the neutrality tests. In this study, neutrality tests indicated that all H. armiger populations excluding the SM population appear to be demographically stable and not influenced by selection. However, the SM population might be influenced by background selection. The mismatch distribution analyses showed atypical distribution shapes, revealing a complicated demographic history for the populations of H. armiger. The mismatch distributions of overall sample, east and S Yunnan, were clearly multimodal, which was compatible with a demographically stable population. The same result was also detected in Rhinolophus ferrumequinum from east China (Flanders et al. 2009 ). In contrast, the southwest, west, and Hainan all showed bimodal, suggesting a historical population expansion. Although we cannot be certain of the accuracy of the estimated expansion time (Table 3) , due to its reliance on the assumed mutation rate (20%/My, Petit et al. 1999; Chen et al. 2006) , the estimated time since expansion for the southwest population was about 10 700 years ago after the last glacial maximum (18 000 years ago), which was similar to the inferred expansion time for the black-spotted frog populations in this region range (Zhang et al. 2008 ). According to the palaeoclimatic records of this region (Zhang 2002) , the ice sheet on the mountain had shifted vertically in response to the oscillations of ice ages, and natural zones have also moved vertically since the Pleistocene (Chen et al. 2006 ) but retained environmental diversity in the tropics and subtropics at lower elevations. Hipposideros armiger is thus likely survived in these areas during ice ages and rapidly expanded subsequently.
Three subspecies of H. armiger are recognized in China: H. a. armiger, H. a. fujianensis and H. a. terasensis. According to their distributions (Smith and Xie 2008) , there is likely to be just H. a. armiger in this study. The NJ tree showed all H. armiger populations formed a monophyletic clade. Low support values at the interior nodal points may be related to homoplasious mutations within control region. The heterogeneity of substitution rates within the control region caused a high level of multiple homoplastic substitutions at some sites, which can confound the inference of an accurate phylogeny (Lloyd 2003) . The NJ tree and the haplotype network construction by TCS both revealed 3 highly divergent lineages (clade A, B, and C; Figure 2 and Supplementary Figure S1 ), which might represented 3 phylogroups (Baker and Bradley 2006) . The divergence time estimates between clade A and B, and between clade B and C, were respectively 69 100 and 67 700 years ago, suggesting a relatively recent split. The Dali glaciation, the most recent to occur in China, began about 50 000 years ago with the most extensive glacial period occurring during the early stage between 54 000-44 000 years ago (Cui and Zhang 2003; Zhang et al. 2008) . Our estimated times of divergence for H. armiger populations were likely in interglacial periods, before the Dali glaciation, when the climate condition was suitable in the whole country. In clade C, each neighboring pair of 3 regions (west, Hainan, and east) was estimated to have diverged around 27 900-36 000 years ago, which was likely after the early extensive glacial period in Dali glaciation when some species in the west region generally migrated eastward for the relatively moist and warm climate in eastern China during cold stages of the Quaternary (Zhang 2004) . Then, these individuals settled down in each region, and there was almost no gene flow between regions (M , 0.50). Interestingly, the NJ tree, haplotype network construction by TCS and MDS analyses all showed that the ML population had close relationship with east, and these results might indicate a contiguous range expansion along sea coast between the ML population and the east region (clade 4-2).
Management Considerations
The concepts of evolutionarily significant unit (ESU) and management unit (MU) are useful for identifying and prioritizing conservation units within a species (Moritz 1994 (Figure 1 ). For the different MUs, we suggest that protection is required because of their genetic uniqueness. However, based on our genetic data, the priority for conservation should be given to the S Yunnan region. This conclusion is supported by 2 facts. First, among the 5 geographical units, the S Yunnan region is derived from several lineages (Figure 2 and Supplementary Figure S1 ), and it is therefore polyphyletic. Second, the most cogent evidence is that the highest nucleotide diversity among all units was found in the S Yunnan region. Protection of the S Yunnan region will protect a majority of the overall nucleotide diversity and will maintain healthy as well as genetically diverse populations of H. armiger. In addition to saving the S Yunnan region, we recommend that conservation efforts be made for the Hainan population, which has a bleak future because of its small size and low genetic diversity. Furthermore, the genetic estimates for H. armiger imply that there has been almost no gene flow among regions, whereas within the east region some individuals could migrate occasionally to neighboring populations. From a public health perspective, this implies a relatively low likelihood of widely spreading virus outbreaks, should there be one in any of the subset populations. However, caution must be exercised due to occasional migrations that could be dangerous if an outbreak is widespread within one group. This work serves to enlighten conservationists to act now by preserving certain key groups of H. armiger and give epidemiologists knowledge on how, in the future, to best respond to the spread of disease.
Supplementary Material
Supplementary Figure S1 can be found at http://www.jhered .oxfordjournals.org/. 
